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EXECUTIVE SUMMARY
The closure process for high level waste tanks at the Savannah River Site will require dissolution of the crystallized salts that are currently stored in many of the tanks. The insoluble residue from salt dissolution is planned to be removed by an Enhanced Chemical Cleaning (ECC) process. Development of a chemical cleaning process requires an insoluble salt simulant to support evaluation tests of different cleaning methods. The Process Science and Engineering section of SRNL has been asked to develop an insoluble salt simulant for use in testing potential ECC processes (HLE-TTR-2007-017 ).
An insoluble salt simulant has been developed based upon the residues from salt dissolution of saltcake core samples from Tank 28F. The simulant was developed for use in testing SRS waste tank chemical cleaning methods. Based on the results of the simulant development process, the following observations were developed:
• A composition based on the presence of 10.35 grams oxalate and 4.68 grams carbonate per 100 grams solids produces a sufficiently insoluble solids simulant.
• Aluminum observed in the solids remaining from actual waste salt dissolution tests is probably precipitated from sodium aluminate due to the low hydroxide content of the saltcake.
• In-situ generation of aluminum hydroxide (by use of aluminate as the Al source) appears to trap additional salts in the simulant in a manner similar to that expected for actual waste samples.
• Alternative compositions are possible with higher oxalate levels and lower carbonate levels.
The maximum oxalate level is limited by the required Na content of the insoluble solids.
• Periodic mixing may help to limit crystal growth in this type of salt simulant.
• Long term storage of an insoluble salt simulant is likely to produce a material that can not be easily removed from the storage container. Production of a relatively fresh simulant is best if pumping the simulant is necessary for testing purposes.
The insoluble salt simulant described in this report represents the initial attempt to represent the material which may be encountered during final waste removal and tank cleaning. The final selected simulant was produced by heating and evaporation of a salt slurry sample to remove excess water and promote formation and precipitation of solids with solubility characteristics which are consistent with actual tank insoluble salt samples. The exact anion composition of the final product solids is not explicitly known since the chemical components in the final product are distributed between the solid and liquid phases. By combining the liquid phase analyses and total solids analysis with mass balance requirements a calculated composition of assumed simple compounds was obtained and is shown in Table 0 
LIST OF TABLES

Salt Dissolution
High level waste at the Savannah River Site is stored in large steel tanks as either insoluble sludge made up of transition metal hydroxides/oxides or as a saltcake composed of crystallized salts plus associated free liquid. The saltcake is produced by concentrating the soluble salts in the free liquid through evaporation. Closure of the waste tanks containing saltcake begins by removal of the existing free liquid within the tank. Bulk waste removal of the remaining saltcake utilizes dissolution of the crystallized salts with corrosion-inhibited water. Salt dissolution begins by dissolving the most soluble species and progresses toward the least soluble species as a function of the volume of water used and the composition of the saltcake. The residual solids remaining after salt dissolution are the target material for the ECC process and are composed of the least soluble salts, entrained sludge solids and solids precipitated during salt dissolution.
Tank 28 F Insoluble Salt
Salt dissolution has been studied using core samples from various tanks containing saltcake. The insoluble salt simulant was derived from the compositional information obtained during studies on core samples from Tank 28F. Tank 28F was core sampled February 2006 and the sample characterization results were documented in WSRC-STI-2006-00151. 1 A composite of the core samples was tested for salt dissolution by adding one part of saltcake to four parts of water. The undissolved solids from the dissolution test were dissolved with hydrochloric acid/nitric acid mixture (aqua regia) and the liquid analyzed by inductively coupled plasma emission spectrophotometer (ICPES), inductively coupled plasma mass spectrometry (ICPMS) and atomic absorption spectrophotometer (AA). Additional information about the more soluble species is available from the ICPES and ion chromatography (IC) analysis of the dissolution solutions. The starting analytical basis for the insoluble salt simulant is shown in Table 1-1. 
COMPOSITIONAL APPROACH
Development of an insoluble salt simulant requires a combination of the measured species with appropriate counter ions to generate compounds of limited or no solubility. The information available for the expected insoluble salt solids is limited in scope for the purpose of formulating a simulant. Table  1 -1 provides information for the major cation-forming elemental species but does not provide sufficient information to define all of the anion species in the solids. The compositional approach to formulating an insoluble simulant was based on combining the known species with appropriate limited solubility anions expected to be present in SRS salt waste while maintaining the appropriate charge balance as defined by the Na content. These appropriate anions should not invalidate the existing analytical information listed in Table 1 -1.
The sample preparation method (aqua regia dissolution) used on the residual solids from the Tank 28F core dissolution prevents the analysis of most of the expected anions in SRS salt waste. The application of the hot, oxidizing acid eliminates hydroxides, carbonates, organic anions (oxalate, formate, acetate, etc.) and nitrite. Additionally, the use of nitric acid prevents the quantitative analysis of nitrate in the residue. The Cr, P, W and S that are reported in Table 1 -1 can be considered to represent chromate, phosphate, tungstate, and sulfate anions. Based on data from x-ray diffraction analysis, sodium nitrate is also present in the residual solids despite the expected high solubility for the nitrate salt. Therefore, some level of nitrate will also be included in the simulant. Sequential and flow-through dissolution studies on core samples at SRS and Hanford have previously shown that the last portions of the salt to dissolve are composed of sulfate, carbonate and oxalate species. 1, 2, 3 The amount of sulfate in the residual insoluble solids is already defined by the amount listed in Table 1 
The tested insoluble salt compositions were based on various levels of added carbonate and oxalate as limited by the amount of sodium measured in the Tank 28F salt dissolution residue. The charge balance was achieved by addition of nitrate to balance the remaining sodium. Fluoride was also added to the simulant to allow the production of double salts such as a sodium fluorophosphates. The initial compositional basis for the insoluble salt simulant is shown in Table 2-1. 1.603
The species in Table 1 -1 that were listed as less than values were placed in the initial simulant basis at that specific value. Silicon, for example, could actually be higher than the less than value since aqua regia dissolution is not very effective at dissolving silica or some insoluble silicates. The initial concentrations for fluoride, oxalate and carbonate were derived from the information on the dissolved portion of the Tank 28F core. 1 The initial high concentration of nitrate was obtained by calculating the charge balance between all of the anions except nitrate and the sum of the Na and K concentrations. The remaining portion of the unassigned moles of positive charge was assigned to nitrate to generate the nitrate concentration reported above.
The conversion of the information in Table 2 -1 to a simulant recipe consisted of the following steps.
A. First convert the amount of each species to moles/100 grams of solids basis. B. Identify the expected compounds to be generated and the source chemicals to be used in producing those target compounds. C. Convert the moles per 100 grams solids to moles /mole Na by ratioing each species to Na. D. Determine the target Na moles/liter concentration for the initial slurry preparation and use this value to scale all of the remaining reagents to the target Na concentration. E. Determine the order of addition to prevent decomposition of desired target species. For example, precipitation of Ferric species by hydroxide must be completed before any addition of carbonate to prevent the acidic ferric ion from generating CO 2 from the carbonate. F. Complete and test the recipe by examining the solubility of the final centrifuged solids in water and in a salt solution.
The final step in the compositional approach was to add some processing that mimics the way the original saltcake was produced in the tank farm. This was accomplished by starting with a slurry which is concentrated by evaporation to increase the amount of precipitated/crystallized solids. The additional thermal processing allows species that can react such as silicate and aluminate to generate less soluble aluminosilicates.
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Simulant Development
Five different compositions were tested in developing the insoluble salt simulant. Four of the tested simulants varied the carbonate and oxalate levels and added aluminum as two different starting materials. The fifth tested simulant repeated the composition of the fourth simulant but did not include any of the RCRA metals. The primary differences between the tested compositions are shown in where the total added masses of the primary anions and aluminum per 100 grams of solids (as distinguished from the amounts of these anions in the final solid product) are provided. Table 3 -1 where the total added masses of the primary anions and aluminum per 100 grams of solids (as distinguished from the amounts of these anions in the final solid product) are provided. The aluminum measured in the insoluble portion of the actual saltcake core samples was initially present in the saltcake as sodium aluminate crystals. Dissolution of sodium aluminate crystals without sufficient hydroxide anion available to maintain aluminum solubility will produce a fresh precipitate of aluminum hydroxide. The first two experiments added the aluminum as aluminum hydroxide. The low level of sodium hydroxide added to these tests would not have allowed much of the aluminum hydroxide to dissolve. Adding aluminum in this manner would limit the interaction that would probably be desirable between aluminum and other waste species. Freshly precipitated aluminum hydroxide can be gelatinous and can provide a means of trapping soluble species within the insoluble solids phase. Therefore, the later experiments added aluminum as sodium aluminum oxide, the anhydrous form of sodium aluminate. The soluble aluminate was then converted after dissolution to aluminum hydroxide by reaction with the H + from bicarbonate or oxalic acid.
The amount of carbonate and oxalate in the insoluble salt solids was not defined by the analytical methods used on the Tank 28F core analysis. The only limit on the amount of carbonate or oxalate in a test mixture is the requirement for Na to charge balance the compounds. The initial test mixtures added carbonate and oxalate as the sodium salt but later mixtures added the compounds as sodium bicarbonate and oxalic acid to aid in precipitating the sodium aluminate.
WSRC-STI-2008-00079
6
The solubility of the test insoluble salt simulants was evaluated by determining the leach resistance of the test mixture solids versus distilled water and versus a 2.25 molar Na salt solution. The 2.25 molar Na salt solution represents the presumably saturated leachate that was in contact with the insoluble salt solids from the Tank 28F core sample. 1 A leachate simulant was prepared based on the composition listed in Table 3 -2 which was obtained from reference 1. The density reported in the table is the measured density for the core Leachate simulant. Initially the simulant was free of insoluble solids. However, after about two weeks white solids were observed in the Leachate simulant. Analysis of the supernate showed that aluminum had eventually precipitated due to the low level of hydroxide added to the simulant. The actual Tank 28 core dissolution also showed evidence of aluminum precipitation. Therefore the Leachate simulant was used to test the solubility of the insoluble solids in the test simulants.
The solubility of the insoluble salt simulants was tested by applying the dissolution method used for the analysis of the Tank 28F core samples. The solids from a test batch of the insoluble salt simulant were recovered by centrifuging the simulant at 3300 rpm for 15 minutes using an IEC Centra GP8 centrifuge. The supernate was decanted from the solids. The solids were not washed since washing would eliminate many of the low solubility salts that should be present in the insoluble salt simulant. Ten grams of the solids were added to a 250 mL polypropylene bottle and then 40 grams of either deionized water or core leachate simulant were added. The bottles were vigorously mixed for thirty seconds and then placed on an Innova 2300 orbital platform shaker and mixed at 120 rpm for 24 hours. The insoluble solids were recovered from dissolution slurries by again centrifuging at 3300 rpm for 15 minutes. The dissolution supernate was decanted and submitted for analysis by IC and ICPES and the remaining solids were weighed. The solids were then submitted for dissolution and analysis by ICPES.
Five different simulant formulations were tested as shown in 
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factor of four times was based on the logic that if the supernate had a concentration for a lower solubility salt in solution, then, the solid phase should have a higher concentration than the supernate. The seven times factor was chosen because that is nearly the maximum amount of carbonate that could be present in the solids for the given sodium concentration and still have some nitrate required for charge balancing. The third test formulation was also at 7X the carbonate and oxalate levels but also changed the addition of aluminum to generate fresh aluminum precipitant. A comparison of the dissolution results for the 4X and 7X test formulations reveals that only a small increase in insoluble salts (as indicated by decreased weight percent dissolution) occurred when the amount of carbonate and oxalate nearly doubled. This suggests that most of the increased insolubility was due to oxalate since the net mass increase in oxalate was small. The third formulation tested changing the aluminum source material to sodium aluminate and used sodium bicarbonate as the carbonate source and as the H + source for precipitating the aluminum. This change allows for the possible trapping of soluble species within the precipitated aluminum hydroxide structure and also makes aluminum ion available for reaction with silicon to generate an insoluble aluminosilicate species. A more significant change in solubility was produced with the aluminate-bicarbonate change but sill not as much as seemed desirable (i.e. too much still soluble in the core leachate dissolution test). The final two test formulations combine the use of sodium aluminate with much higher oxalate addition level and a lower carbonate level. The oxalate level is 50 times the initial starting basis value and the carbonate level is 2.5 times the basis value. In order to precipitate the aluminum, the oxalate is added as oxalic acid and the carbonate is added as the bicarbonate species. The difference between the final two formulations is that the Ox-7X includes all of the RCRA hazardous metals while the final formulation (NoRCRA-50X) has none of the hazardous metals. The dissolution test results for both of the final formulations showed very low solubility in the core leachate simulant and some limited solubility in the deionized water consistent with the high levels of oxalate in the simulants. These two formulations meet the needs for an insoluble salt simulant that is based on the Tank 28F core analysis. The recipe for producing one liter of the NoRCRA-50X and Ox-7x insoluble salt simulants are listed in Appendix A and B. Additional optimization of the formulation is possible by modifying both the carbonate and oxalate levels around the currently tested values.
Insoluble Salt Simulant Composition and Properties
The preparation of the insoluble salt simulant proceeds from an intermediate product slurry through a thermal concentration step to a final product slurry. The composition and properties information in this section are for the final products. Similar information is available for the intermediate product but the intermediate product has not been tested for dissolution properties. The intermediate product would be expected to contain a greater portion of sludge-like species (aluminum hydroxide, ferric hydroxide, silica, etc.) and less of the lower solubility ionic salts (sodium oxalate, sodium carbonate, sodium fluorophosphate, etc.).
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The solids content of the final RCRA and non-RCRA insoluble salt simulant slurry compositions was measured and is shown in Table 3 -4. The weight percent solids were determined using a Mettler Toledo HR73P Halogen Moisture Analyzer. The wt % total solids for the simulant was measured as was the wt % dissolved solids in the supernate phase of the simulant. The wt% soluble solids and insoluble solids in the slurry were then calculated from these two measured values. 4 Densities for the two slurry simulants were determined using an Anton Paar DMA 4500 density meter. The density meter determines the density of a sample by measuring the resonant frequency of a sample-filled U tube at a specified temperature. The high soluble solids content is expected since the simulant has not been washed. Washing the simulant can be counterproductive since it will also remove some of the salts from the solids that are necessary to the simulant. The pH is consistent with the high carbonate content and the low hydroxide level planned for the simulant.
The primary focus of the insoluble salt simulant is the insoluble portion of the simulant. The insoluble portion of the simulant was recovered by centrifuging the simulant at 3300 rpm for a minimum of 15 minutes using an IEC Centra GP8 centrifuge until the fines are not easily suspended. The supernate phase was carefully decanted and the damp solids were removed for analysis. The solids were then dried at 150 °C. The dried solids were prepared for dissolution by a lithium metaborate/lithium nitrate fusion at 1000 °C and then dissolved in dilute nitric/hydrochloric acids. The samples were analyzed by ICPES and the results are shown in Table 3 -5. Note that "NA" indicates that the element was not added to the simulant. A comparison between the soluble species (Cr, Mo, S, P, W) and the insoluble species (Al, Ca, Fe, Si) seems to indicate that the solids are high in the insoluble species as expected but are also higher than the target values. These values are subject to variation depending on the dryness of the solids prepared for analysis. The insoluble salt simulant will be impacted by this issue strongly since many of the salts have varying degrees of hydration which would be impacted by the drying conditions. A better method of evaluating the analytical data for such a material is based on calculating the ratio of each species to the most significant species in the material. For the insoluble salt solids, sodium is the most significant species. Table 3 -6 reports the results of the ICPES analysis after calculating the ratio of each element to the value for Na. A comparison of the target ratios to those for the two insoluble salt simulants shows that many of the least soluble elements are near or slightly greater than the target values. Since this is based on a ratio to a generally soluble element (Na) then the insoluble solids must include a large amount of Na, just as was observed for the actual insoluble salt solids from the Tank 28F core sample.
The rheology of the insoluble salt simulant product made with no RCRA metals was measured on a Haake RheoStress 600 rheometer (RS600) using a cone and plate sensor (60 mm Ti, 2 degree cone). The flow curve program used on the rheometer is shown in Table 3 Tests involving the insoluble salt simulant will probably use an undisturbed or relatively undisturbed bed of solids. Therefore, the settled solids shear strength was measured using the vane method. 
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After 29 days the undisturbed sample of the no RCRA simulant was again prepared for settled solids shear strength analysis. During the preparation, evidence of crystal formation was observed within the settled solids bed as shown in Figure 3 -2. These apparently needle-like crystals would probably impact the settled solids shear strength. An attempt to perform a vane measurement resulted in a curve (shown in Figure 3-3 ) that confirmed that the settled bed was no longer a homogenous fluid. After removing the vane from the sample, a spatula was used to gently mix the bed in an attempt to recover one of the crystals. The crystals were actually clear plates that were easily dissolved in deionized water. Several recovered crystals were allowed to air dry overnight. These dried crystal plates appeared to effloresce and were reduced to a dry powder over several days. This suggested that the crystals might be sodium carbonate decahydrate which is well known for efflorescing as it loses waters of hydration to convert to the monohydrate. Addition of acid to one of the clear crystals generated gas bubbles confirming that the crystal was a carbonate. The crystals that were moved to the surface of the sample are easily seen in Figure 3 -4.
Figure 3-4 Sodium Carbonate Decahydrate Crystals in Insoluble Salt Simulant
The presence of growing crystals in the settled simulant is not unexpected since the supernate associated with the insoluble solids is saturated with respect to the insoluble salts in the simulant. An examination of the simulant that had been mixed every couple days for sampling purposes or for other tests did not show any sign of the large crystals. This suggests that periodic mixing can help prevent growth of crystals. Another possible approach is to not concentrate the mixture quite as much or to modify the simulant to a lower carbonate level. Washing the simulant to dilute the supernate is also a possibility but washing is likely to alter the simulant by dissolution of some of the more soluble salts that are present. Additional testing in this area might be necessary if a large quantity of the simulant is planned to be produced and held for a long period of time before use.
ECC Insoluble Salt Simulant Produced for Enhanced Chemical Cleaning Tests
Testing of potential ECC processes at vendor facilities requires larger than lab-scale quantities of the insoluble salt simulant. Approximately 28 gallons of the final ECC Insoluble Salt Simulant was produced at SRNL in the Engineering Development Lab based on the NoRCRA-50X simulant recipe for use in vendor testing. The simulant was prepared and transferred to an open top 55 gallon drum for ease of mixing and removal at the vendors test facility. The only variation from the recipe detailed in Appendix A was that the simulant was only concentrated to a density of 1.49 kg/Liter due to mass limits for open top drums. The physical properties of the 28 gallon batch are shown in Table 3 -8. The lower values for the various solids measurements compared to the lab-scale simulant is due to not concentrating to as high a slurry density. Dissolution testing on the large batch ECC Insoluble Salt simulant was conducted as described in Section 3.1. The dissolution test results are compared to the NoRCRA-50X simulant in Table 3 -9. The centrifuged solids for the large batch of simulant also showed very little dissolution when contacted with a solution already containing greater than 2 moles/liter of sodium ion. Chemical analysis of the ECC Insoluble Salt Simulant was conducted using ICPES and ion chromatography. A portion of the simulant was dried at 150 °C and then a weighed portion was dissolved as previously described in Section 3.2 and the total solids analyzed by ICPES. The results of the analysis are listed in Table 3 -10. The only species that are higher than the targeted amount are those expected to be either a contaminant in the large quantity of reagents added (K) or were added as a hydrate which may have been a little low in water content (Si). Most of the species are very close to their target values as compared to the Na content.
The supernate from the ECC Insoluble Salt Simulant was separated by centrifuging as previously described for 30 minutes. The supernate density was 1.291 grams/mL and the supernate pH was 12.66. The supernate was analyzed by ICPES and IC and the results are shown in Table 3 -11. By combining the information in Table 3 -11 with the pH and applying charge balance requirements, the concentration of carbonate anion in the supernate is calculated to be 1.24 moles/Liter. Using this information with measured composition of the total solids and applying mass balance and charge balance considerations, the composition of the insoluble solids in the ECC Insoluble Salt Simulant was calculated based on possible simple assumed compounds and is shown in Table 3 -12. The data definitely indicated that almost all of the added oxalate was insoluble and that most of the added carbonate was still soluble when the simulant is only concentrated to less than 1.5 g/mL density. The presence of insoluble fluoride and phosphate was also indicated which could be represented by the known double salt shown in the table whose presence has been observed in other salt waste tanks at Hanford.
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Direct measurement of these compounds by another method such as polarized light microscopy or x-ray crystallography was not attempted due to the difficulty of removing the supernate without dissolving the more soluble species. Salts such as the sodium oxalate or the fluoride phosphate double salt are soluble if sufficient water is added to maintain a low Na ion concentration. During Salt dissolution with minimized
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CONCLUSIONS
• A composition based on 10.35 grams oxalate and 4.68 grams carbonate per 100 grams solids produces a sufficiently insoluble solids simulant.
• Alternative compositions are possible with higher oxalate levels and lower carbonate levels. The maximum oxalate level is limited by the required Na content of the insoluble solids.
The insoluble salt simulant was developed to duplicate the probable composition and expected chemistry of the insoluble salts remaining after actual salt dissolution. The simulant does not necessarily reflect the actual salt solids physical properties such as crystallinity, permeability, and particle size and density.
Testing that involves these physical properties should be focused on actual waste samples instead of simulants.
The following simulant recipe is for preparing one liter of insoluble salt simulant containing no RCRA metals. Note that the values below can be scaled to a desired batch size in liters. 
